To search for improved insecticidal compounds based on β-dihydroagarofuran sesquiterpenoids, forty-four β-dihydroagarofuran acetal derivatives were designed and synthesized. Insecticidal activities and structure−activity relationship of these target compounds were evaluated. Some of the newly synthesized β-dihydroagarofuran acetal compounds were found to show higher insecticidal activity against sixth-instar larvae of Mythimna separate. Especially, compounds 2.2.9, 2.2.10, 2.2.11, 2.3.4, 2.3.6, 2.3.7, 2.5.4, 2.5.7 had great insecticidal activities with lower LD 50 than that of the positive control celangulin-V (110.13 μg/g). It deserves mentioning that compound 2.2.11 showed the lowest LD 50 (60.33 μg/g) among these compounds. Structure-activity relationship results suggested that the substituent groups of 1-, 6-and 9-positions of the target structures could greatly affect the insecticidal activity. Especially, when the substituent groups of 6-position were n-propyl, n-butyl, allyl, propargyl, o-fluorobenzyl, and p-fluorobenzyl, the compounds showed outstanding insecticidal activities.
Currently, insect rampancy remains a significant problem in agricultural production. The use of insecticides is one of effective means of insect control [1] . However, insecticides produce toxicological and environmental risks, and they have posed serious threats to human health [2] [3] . Natural products play a significant role in novel insecticides discovery, and they may require less regulatory scrutiny for registration than synthetic compounds [4] [5] [6] [7] . Celastrus angulatus is a traditional insecticidal plant in China and its extracts has been utilized as insecticides for many years [8] [9] . A lot of insecticidal β-dihydroagarofuran sesquiterpene polyol esters and alkaloids were isolated and celangulin-V (Figure 1 ) is the main and typical insecticidal compound from this plant [10] [11] [12] [13] . More recently, we have investigated the insecticidal activity of a series of 1-, 6-and 9-positions structural modification of β-dihydroagarofuran and some compounds with the identical substituent groups on 1-and 9-positions ( Figure 1 ) showed interesting insecticidal activities. In this work, different substituent groups on 1-and 9-positions of β-dihydroagarofuran derivatives were designed and prepared. 44 β-Dihydroagarofuran acetal derivatives were synthesized using 1β, 2β, 4α, 6α, 8β, 9α, 12-hepthydroxyl-β-dihydroagarofuran (1) as starting material. Insecticidal activity against sixth-instar larvae of Mythimna separate assay showed that some β-dihydroagarofuran acetal derivatives exhibited more potent insecticidal activity than celangulin-V.
The synthesis of the target compounds is displayed in Scheme 1. 1β, 2β, 4α, 6α, 8β, 9α, 12-Hepthydroxyl-β-dihydroagarofuran was used as the starting material. Compound 2 was produced by the reaction of 1 with methanesulfonyl chloride (CH 3 SO 2 Cl) in anhydrous pyridine and then treatment with lithium aluminum hydride (LAH) in anhydrous tetrahydrofuran (THF). After that, the hydroxyl group at 1-, and 9-positions reacted with aldehyde under the catalysis of ferric chloride (FeCl 3 ) gave compounds 2.2-2.5. Finally, the reaction of compounds 2.2-2.5 with halohydrocarbons in the presence of sodium hydride (NaH) in THF produced the forty-four desired derivatives. All compounds were purified by column chromatography on silica gel eluted in petroleum ether/ethyl acetate, and the structures were identified mainly by melting point, specific rotation, 1 H NMR, 13 C NMR and DEPT-135. The stereochemistry at C-16 was affirmed by NOESY and X-ray crystallography. The insecticidal activity of the forty-four β-dihydroagarofuran acetal derivatives could be found in Table 1 . It was determined under the condition that sixth-instar larvae of Mythimna separate was ether anaesthetized and forced-feeding, and celangulin-V and dimethyl sulfoxide (DMSO) served as positive and blank control respectively. In the result of preliminary screening, as a whole, β-dihydroagarofuran propylal derivatives had stronger insecticidal activity than other β-dihydroagarofuran acetal derivatives, most of which had mortality over 60%.
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As shown in Table 1 , with different substituent group at 6-position of derivatives, the mortality of sixth-instar larvae of Mythimna separate also significantly changed. The compounds with obvious insecticidal activity (mortality rate ≥ 60%) were chosen to measure LD 50 values, and the method of declining concentration was used.
The LD 50 values of some derivatives were presented in Table2.
From Table 2 , it could be found that the compounds 2. The bioassay results demonstrated that the substituent groups at the 6-position played an important role in the insecticidal activity of these β-dihydroagarofuran acetal derivatives, but when different acetal was chosen, the activity would change. For example, when the aldehyde was butyraldehyde, it could be found that β-dihydroagarofuran butyral derivatives (compounds 2.4.1 to 2.4.11) had weaker insecticidal activity than other β-dihydroagarofuran acetal derivatives, none of the ones in β-dihydroagarofuran butyral derivatives could be less than the LD 50 of celangulin-V. Note: "--'' means the LD 50 was not measured.
Conclusions:
In summary, 44 β-dihydroagarofuran acetal derivatives were obtained by synthetic route from 1β, 2β, 4α, 6α, 8β, 9α, 12-hepthydroxyl-β-dihydroagarofuran (Scheme 1); their melting point and specific rotation were measured; their structures were confirmed by 1 H NMR, 13 C NMR, DEPT-135 ∘ . And the configuration of C-16 was established through NOESY and X-ray crystallography. The insecticidal activities of these compounds were evaluated against sixth-instar larvae of Mythimna separata by ether anaesthetized and forced-feeding method. The bioassay results showed that some of those compounds had obvious insecticidal activity, particularly compounds 2.2.9, 2.2.10, 2.2.11, 2.3.4, 2.3. 
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Natural Product Communications Vol. 13 (4) .25μg/g respectively, which were less than the LD 50 of celangulin-V. It could be found that when the sixth-instar larvae of Mythimna separate were fed with those compounds, the larvae curled up, and there was a lot of spitted liquid around the larvae. These symptoms were the same as that of celangulin-V, and this implies that the β-dihydroagarofuran aldehyde derivatives may act on the same target protein as celangulin-V. In addition, the substitution of 6-position has a notable influence on the insecticidal activity. Among these β-dihydroagarofuran acetal derivatives, npropyl, n-butyl, allyl, propargyl, o-fluorobenzyl, and p-fluorobenzyl groups may be more favorable for promoting the insecticidal activity compared with much larger substituent groups at 6-position. This was similar to other β-dihydroagarofuran derivatives previously synthesized in our groups. 17 It could be observed that the generality of these substituent groups at 6-position of target derivatives with outstanding insecticidal activity was that they either possessed three or four carbon atoms, or contained a fluorine atom. These results suggested that both less bulky substituent groups and the fluorine atom benefited the insecticidal activity. Also, the structure modification of these compounds gave rise to the change of water solubility and electronegativity, and this further affected the insecticidal activity of these compounds. These conclusions further verify that β-dihydroagarofuran derivatives are a kind of obvious insecticidal activity compounds. This work could provide important guidance for the development of efficient, environmentally friendly pesticides.
Experimental
General: Melting points were measured by the WRS-1B melting point apparatus (Shanghai YiCe Apparatus and Equipment Co. Ltd, Shanghai, China); specific rotations were obtained by the PerkinElmer 241 MC automatic polarimeter (PerkinElmer, Waltham, MA); all the 1 H NMR and 13 C NMR spectra were recorded on the Bruker Advance spectrometer (Bruker MA) at 500 MHz and 125 MHz in CDCl 3 with TMS as the reference; and DEPT ( flip angle 135°) were to confirm the assignments of 13 C chemical shifts. Our original material 1β, 2β, 4α, 6α, 8β, 9α, 12-hepthydroxyl-β-dihydroagarofuran (1) (purity≥98%) was obtained from the Institute of Pesticide Science, Northwest A&F University. All of the compounds were analyzed by thin layer chromatography (TLC) on GF 254 silica gel plates and the spots were colored by an ultraviolet lamp or 5% (V /V) sulfuric acid in ethyl alcohol. Then these products were purified by column chromatography (CC) with silica gel (200-300 mesh).The insecticidal activity was evaluated by ether anesthesia and forced feeding method in the condition that per worm was fed with 20μg of the compound. Celangulin-V and dimethyl sulfoxide (DMSO) were used as positive and negative controls respectively. Chemistry: Compound 2 was prepared according to the method reported before [10] . Then it (900 mg, 3 mmol) was dissolved in 40 mL of aldehyde solution and ferric chloride (FeCl 3 ) (16.2 mg, 0.1 mmol) was added, stirred at room temperature for 48 h. TLC (V petroleum ether : V ethyl acetate =1:4) was used to monitor the reaction. Then the solution was evaporated and purified by silica gel CC (V petroleum ether : V ethyl acetate =2:1), to afford compound 2.2 (590 mg, 60.5%).
Compound 2.2(50 mg, 0.15 mmol) was dissolved in 20 mL of anhydrous tetrahydrofuran (THF) and sodium hydride (NaH) (24 mg, 1 mmol) was added into the reaction mixture followed by stirring at room temperature for 10 min. Iodomethane (12.20 3-2.5, 2.3.1-2.3.11, 2.4.1-2.4.11 and 2.5.1-2 
11).
In the preliminary screening, Mythimna separata was anaesthetized with ether and forced-feeding with 1uL dimethyl sulfoxide (DMSO) solution of the derivatives which concentration was 20 mg/mL [15] . In each bioassay, 12 larvae of Mythimna separata was applied for everyone test, three times repeated, celangulin-V and DMSO served as positive and blank control respectively. When the larvae curled up, and there were a lot of spitted liquid around the larvae of Mythimna separate, it was judged that the larvae was poisoning. When the larvae did not move anyway, it was judged that the larvae were died. Corrected mortality was evaluated by calculating the average of three times' results. The median lethal dose (LD 50 ) of the compound with the mortality above 60% was tested, and the method of declining concentration was used to do this. The conventional method was used to calculate the LD 50 [16] .
Structure:
The NOESY spectroscopy of compound 2.3.7 was obtained by the Bruker Advance spectrometer, it could be found that the point (3.31, 1.64) was the key point, which respectively express 16-position of hydrogen atom and 9-position of hydrogen atom, so the configuration of compound 2.3.7 was affirmed (Fig 2) . The configuration of other compounds was the same.
Crystals of compound 2.5.11 was obtained from a mixture of ethyl acetate and acetone solution (V ethyl acetate : V acetone =1:10) after 10 days. The X-ray crystallography of compound 2.5.11 was carried out on the Bruker APEX-II CCD diffractometer using graphite monochromatic MoK α radiation, and the atomic coordinates had been deposited at the Cambridge Crystallographic Data Centre (CCDC) with CCDC number 70316. It could be found the X-ray crystal structure of compound 2.5.11 in Figure 3 . The result of Xray crystallography and NOEXY were identical with each other. This supports C-16 position configuration of the compounds.
